We have computed a grid of theoretical models to fit the twelve oscillation modes of HIP 80088 observed by K2. HIP 80088 is determined to be a pre-main sequence star, in which CN cycle has not arrived at the equilibrium state. Mass fractions of C12 and N14 in metal composition are 0.1277 
INTRODUCTION
The δ Scuti stars are a class of A-and F-type stars with masses in the range of 1.5−2.5 M ⊙ , located in the intersection region of the main sequence and the classical instability strip. They are mainly in main sequence (MS) and post-main sequence (POMS) (Breger et al. 2000; Aerts et al. 2010) , but also in pre-main sequence stage (PMS) (Breger 1972; Zwintz 2008; Zwintz et al. 2011; Zwintz et al. 2014) . Since evolutionary tracks of PMS, MS, and POMS usually intersect each other on Hertzsprung-Russel diagram, it is too difficult to distinguish the evolutionary stage of a star only on basis of its mass, effective temperature, and luminosity. So far, there are two common ways to resolve this ambiguity. One way is on basis of typical observational characters, such as belonging to a young association or cluster. The other way is the method of asteroseismology, by comparing the theoretical predicted frequencies and the observed oscillation modes (Guenther et al. 2007; Zwintz et al. 2014) . In particular, asterosesimic study not only can provide an independent determination of fundamental physical parameters of pulsating stars, but also can investigate more detailed information of their interior.
HIP 80088 (EPIC 204372172) was identified as a δ Scuti star by Ripepi et al. (2015) based on an analy-sis of the periodogram. Moreover, Ripepi et al. (2015) obtained 12 independent oscillation frequencies from the kepler photometric timeseries, which were observed from 2014 August 23 to 2014 November 10 for 78.7 days in short-cadence mode (one-min exposures) during the K2-C02 campaign. The oscillation frequencies are listed in Table 1 .
In addition, Pecaut et al. (2012) show HIP 80088 an A9V star with the effective temperature T eff = 7500 ± 150 K and luminosity log(L/L ⊙ ) = 0.960 ± 0.095. In 2015, Ripepi et al. obtained one-hour high-resolution spectra with the Catania Astrophysical Observatory Spectropolarimeter mounted on the Cassegrain fcous of the 91-cm telescope of the 'M. G. Fracastoro' observing station of the Catania Astrophysical Observatory. From the spectra, Ripepi et al. (2015) obtained that values of T eff , log g, and υsini are 7600 ± 200 K, 3.80 ± 0.15, and 80 ± 5 km s −1 respectively, using the spectrum synthesis approach (Kurucz 1993a,b; Kurucz & Avrett 1981; Sbordone et al. 2004) . Furthermore, de Zeeuw et al. (1999) identified HIP 80088 as a member star of the Upper Scorpius association (USco) on basis of a moving group analysis of the Hipparcos positions, parallaxes, and proper motions. The Upper Scorpius association is the youngest subgroup of the Scorpius-Centaurus association, and its median age is estimated to be 5 Myr for K and M-type stars (Preibisch et al. 2002; Slesnick et al. 2008; Feiden 2016) and 10−13 Myr for stars with spectral types of B, A, F, and G (Pecaut et al 2012; Ripepi et al. 2015; Feiden 2016) . Ripepi et al. (2015) showed HIP 80088 most likely to be a pre-main sequence star or else a star very close to zero-age main sequence. Besides, HIP 80088 is expected to share a common age and chemical composition as a member star of USco. Both of spectral and photometric observations are available, which make HIP 80088 an ideal target for asteroseismic analyses. In Section 2, we report our stellar models. Stellar evolution code and input physics are described in Section 2.1, grids of theoretical models are presented in Section 2.2, and details of model fittings are introduced in Section 2.3. We present the fitting results in Section 3, and discuss them in Section 4. Finally, the main results of our work are concluded in Section 5.
STELLAR MODELS
2.1. Stellar evolution code and input physics In our work, we use the one-dimensional stellar evolution code Modules for Experiments in Stellar Astrophysics (MESA; Paxton et al. 2011 Paxton et al. , 2013 to generate theoretical models. The sub-module pulse from version 6596 is used to compute stellar evolutionary models and their corresponding oscillation modes (ChristensenDalsgaard 2008; Paxton et al. 2011 Paxton et al. , 2013 In our calculations, the 2005 update of the OPAL equation of state (Rogers & Nayfonov 2002 ) is adopted. The OPAL opacity tables from Iglesias & Rogers (1996) are used in the high temperature region, whereas in the lower temperature region tables from Ferguson et al. (2005) are used instead. The initial composition in metal is assumed to be the same as the solar metal composition AGSS09 (Asplund et al. 2009 ). The T − τ relation of Eddington grey atmosphere is chosen in the atmosphere integration. The mixing-length theory (MLT) of Böhm-Vitense (1958) with α = 1.8 is adopted to treat convection. In addition, effects of convective overshooting, element diffusion, and rotation on the structure and evolution of the star are not considered in our work.
Grid of theoretical models
We use the MESA code to generate a grid of stellar models. The mass M varies from 1.5 M ⊙ to 2.5 M ⊙ with a step of 0.02 M ⊙ . The mass fraction of heavy-elements Z varies from 0.010 to 0.030 with a step of 0.001. The initial helium fraction is set to be Y = 0.245 + 1.54Z (e.g., Dotter et al. 2008; Thompson et al. 2014 ) as a function of Z.
Each star in the grid evolves starting from the premain sequence and ending when its age reaches to 200 Myr. The rectangle in Figure 1 marks 1 σ error box of the observed stellar parameters, the effective temperature 7350 K < T eff < 7800 K (Pecaut et al. 2012; Ripepi et al. 2015) and the luminosity 0.865 < log(L/L ⊙ ) < 1.055 (Pecaut et al. 2012) . As a star evolves along its evolutionary track like Figure 1 , we calculate frequencies of oscillation modes with ℓ = 0, 1, and 2 for every stellar model falling inside the rectangle.
Model fittings
According to the theory of stellar oscillations, each oscillation mode can be described by three indices (n, ℓ, m), which denote the radial order, the spherical harmonic degree, and the azimuthal number, respectively. If a star is spherical symmetry, the azimuthal number m is degenerate, which means that modes with the same n and ℓ but different m have the same frequency. However for a rotating star, effects of rotation break the star ′ s spherical symmetry and result in one nonradial oscillation mode splitting into 2ℓ + 1 different ones. Aerts et al. (2010) derived the general expression of the first-order effect of rotation as
where P rot is the rotational period, R the stellar radius, υ e the equatorial rotational velocity, β n,ℓ the rotational parameter measuring the size of rotational splitting, and m ranging from −ℓ to ℓ in a step of 1. For a uniformly rotating star, Aerts et al. (2010) showed the general expression of β n,ℓ as
In equation (2), ξ r is the radial displacement, ξ h the horizontal displacement, ρ the local density, and L 2 = ℓ(ℓ + 1).
The projected rotational velocity υsini of HIP 80088 is obtained to be 80 ± 5 km s −1 (Ripepi et al. 2015) . Whereas, the inclination angle i is unknown. In our work, we consider the equatorial rotation velocity υ e as one adjustment parameter. The value of υ e ranges from 50 to 200 with a step of 5 in unit of kilometer per second. For a given υ e , each nonradial oscillation mode calculated in Section 2.2 will split into several ones on basis of equation (1). Namely, every mode with ℓ = 1 splits into three different frequencies, which correspond to m = -1, 0, and 1, respectively. Every mode with ℓ = 2 splits into five different frequencies, which correspond to m = -2, -1, 0, 1, and 2, respectively.
Then we perform a χ 2 minimization by fitting them to observations according to
The smaller the value of χ 2 , the higher the probability of matching the observations. In Equation (3), ν obs i and ν theo i are the observed frequency and the theoretical calculated frequency respectively, and k is the number of observed oscillation modes. Moreover, it should be pointed out that the observed oscillation modes are not identified in advanced. When doing model fittings, the theoretical frequency nearest to the observed frequency is treated as its possible model counterpart.
FITTING RESULTS OF HIP 80088
Figures 2 and 3 present plots of χ 2 m to various physical parameters. Thereinto, each circle denotes one minimum value χ 2 m of χ 2 on one evolutionary track. The circles falling into the rectangle correspond to twenty-nine candidate models listed in Table 2 , in particular, the filled circle marks the best-fitting model (Model 29).
Figures 2(a) -(c) illustrate χ 2 m as a function of the stellar mass M , the mass fraction of heavy-elements Z, and the equatorial rotation velocity υ e , respectively. It can be seen in Figures (a) -(c) that the three adjustable parameters (M , Z, υ e ) are well limited in a small parameter space, i.e., M = 1.68 − 1.78 M ⊙ , Z = 0.015 − 0.018, and υ e = 120 − 136 km s −1 . The projected rotational velocity υsini is determined to be 80 ± 5 km s −1 (Ripepi et al. 2015) . Then the inclination angle i is suggested to be 38.3
m as a function of ages of stars. In Figure 2 (d), we find that ages of the candidate models converge to 9.03 − 10.21 Myr, which is in accordance with the result of Ripepi et al. (2015) .
Figures 3(a) and (b) depict χ 2 m as a function of the gravitational acceleration log g and the radius R, respectively. Figures 3(a) shows that log g converges to 4.114 − 4.125. Figure 3(b) shows that R converges to 1.882 − 1.914 R ⊙ .
Figures 3(c) depicts χ 2 m as a function of the acoustic radius τ 0 . The acoustic radius τ 0 is the sound travel time between the center and the surface of the star. It is defined by Aerts et al. (2010) as
where R is the stellar radius, and c s is the adiabatic sound speed. The acoustic radius τ 0 is one significant asteroseismic quantity, which is used to characterize the features in the envelope of the star(e.g., Ballot et al. 2004; Miglio et al. 2010; Chen et al. 2016 . In Figure 3 (c), it can be found that τ 0 converges well to 7636 − 7732 s. Figures 3(d) and (e) depict χ 2 m as a function of C12/Z and N14/Z, respectively. Thereinto, C12/Z is the mass fraction of C12 in metal composition, and N14/Z is the mass fraction of N14 in metal composition. In our work, the initial composition in metal is assumed to be the same as the solar metal composition AGSS09 (Asplund et al. 2009 ). The initial values of C12/Z and N14/Z are 0.1769 and 0.0518 respectively. From Figures 3(d) and (e), HIP 80088 is determined to be a pre-main sequence star, in which CN cycle has not reached the equilibrium state. The mass fraction of C12 in metal composition is determined to be 0.1277 Based on above considerations, we obtain fundamental physical parameters of HIP 80088 and list them in Table  3 , where the best-fitting model is marked in boldface. As for the best-fitting model, the theoretical calculated frequencies are listed in Table 4 , and the comparing results between theoretical calculated frequencies and the twelve observed frequencies are listed in Table 5 . It can be found in Table 5 that f 3 is identified as one radial mode, f 2 , f 4 , f 8 , and f 11 as four ℓ = 1 modes, and f 1 , f 5 , f 6 , f 7 ,f 9 , f 10 , and f 12 as seven ℓ = 2 modes. In particularly, we find that (f 2 , f 4 , f 8 ) form one complete triplet, and (f 5 , f 7 , f 9 , f 10 ) form four components of one quintuplet. We list the two sets of possible rotational splittings in Table  6 .
DISCUSSIONS
In Section 3, we elaborated our fitting results. Two sets of possible rotational splittings are identified with the method of model fittings. Meanwhile, we noticed in Table 6 that the averaged frequency spacing in (f 2 , f 4 , f 8 ) is 16.045 µHz, and that in (f 5 , f 7 , f 9 , f 10 ) is 13.388 µHz. The two averaged frequency spacings are not equal. In order to explain this, propagating properties of the oscillation modes in the star are examined in detail. are the propagation zones of p modes. The regions with ω 2 < N 2 and ω 2 < S 2 ℓ are the propagation zones of g modes. The regions with S 2 ℓ < ω 2 < N 2 or N 2 < ω 2 < S 2 ℓ are the so called evanescent zone with exponentially decaying behaviour. In Figures 4 and 5, we mark them with different grey shadings. Brunt−Väisälä frequency N is independent of ℓ, while characteristic acoustic frequency S ℓ is proportional to ℓ(ℓ + 1). In Figures 4 and 5, it can be clearly seen that the propagation zones of g modes with ℓ = 2 are much thicker than those with ℓ = 1 in the observed frequency range. However, the evanescent zones between the propagation zones of p modes and the propagation zones of g modes for ℓ = 2 modes are much thinner than those for ℓ = 1 modes, which means that the propagation zones of p modes and the propagation zones of g modes for ℓ = 2 modes are poorer separated than those for ℓ = 1 modes.
The kinetic energy of one oscillation mode can be defined as
where the integrand is the kinetic energy weight function. Figure 6 illustrates profiles of the scaled kinetic energy weight function inside the best-fitting model. In Figures  4 and 5, it can be clearly seen that the propagation zones of g modes with ℓ = 1 and 2 located in the regions with 0.14 < r/R < 0.28 and 0.14 < r/R < 0.40, respectively. In Figure 6 , it can be noticed that ℓ = 1 modes mainly propagate in the propagation zones of p modes, indicating that ℓ = 1 modes are p modes. However, those oscillation modes with ℓ = 2 behave propagating features of the mixed modes. They mainly propagate like p mode in the propagation zones of p modes. Meanwhile, they behave pronounced g-mode features in the propagation zones of g modes. This fact indicates that oscillation modes with ℓ = 2 are mixed modes, which are p-dominated modes with pronounced g-mode features. This might explain why the average frequency spacings of the two sets of multiplets are not equal.
SUMMARY AND CONCLUSIONS
In the present work, we try to determined precisely the evolutionary stage and physical parameters of HIP 80088 with the method of asteroseismology. We compute a grid of theoretical models to fit the twelve observed frequencies by performing a χ 2 minimization. The main results are summarized as follows:
1. According to model calculations, we find that the equatorial rotation velocity υ e converges to 120 − 136 km s −1 . The projected rotational velocity υsini is measured to be 80 ± 5 km s −1 ( Ripepi et al 2015) . Then the inclination angle i of HIP 80088 is suggested to be 38.3
2. The fundamental parameters of HIP 80088 are found to converge to a small range, i.e., M = 1.68 − 1.78 M ⊙ , Z = 0.015 − 0.018, log g = 4.114 − 4.125, R = 1.882 − 1.914 R ⊙ , τ 0 = 7636 − 7723 s, and age = 9.03 − 10.21 Myr. Meanwhile, we find that HIP 80088 is a pre- 3. Based on our model fittings, we suggest that f 3 is one radial mode, f 2 , f 4 , f 8 , and f 11 are four ℓ = 1 modes, and f 1 , f 5 , f 6 , f 7 ,f 9 , f 10 , and f 12 are seven ℓ = 2 modes. Moreover, we find that (f 2 , f 4 , f 8 ) form one complete triplet, and (f 5 , f 7 , f 9 , f 10 ) form four components of one quintuplet.
4. Based on the best-fitting model, we find that ℓ = 2 modes of HIP 80088 are mixed modes, which are p-dominated modes with pronounced g-mode features. While for the oscillation modes with ℓ = 1, they are p modes. This may be the reason that two averaged frequency spacings in the two sets of multiplets are not equal. 
